A multicenter randomized controlled clinical trial using a new resorbable non-cross-linked collagen membrane for guided bone regeneration at dehisced single implant sites: interim results of a bone augmentation procedure Abstract Objective: To compare clinical performance of a new resorbable non-cross-linked collagen membrane, creos xenoprotect (CXP), with a reference membrane (BG) for guided bone regeneration at dehisced implant sites.
Over the last few decades, implant-supported restorations have become an established treatment option for missing or hopeless teeth in several indications (Branemark et al. 1977 (Branemark et al. , 1999 Buser et al. 1997; Lekholm et al. 1999; den Hartog et al. 2008; Pjetursson et al. 2012; Hof et al. 2013 Hof et al. , 2015 Khzam et al. 2015) . Historically, osseointegration was the sole factor defining success; however, this paradigm has shifted toward restoration-driven implant placement and "backward planning," in which the design of the prosthetic device determines the exact location of the implant (Garber & Belser 1995; Lindhe et al. 2003) . Placing an implant precisely in the root socket of the extracted tooth may result in strong resorption of the alveolar ridge, primarily on the buccal side (Ara ujo & Lindhe 2005) . Approximately 50% of the resorption in the buccolingual direction occurs in the first 12 months following tooth extraction (Schropp et al. 2003) , and most of it occurs within the first 3 months (Ara ujo et al. 2006) . To correct for bone resorption, which is particularly important when performing implant placement in the esthetic zone, bone augmentation is often the only technique that produces successful esthetic and functional results (Khzam et al. 2015; Nisand et al. 2015) .
Guided bone regeneration (GBR) for lateral alveolar ridge augmentation has been described extensively. Numerous high-quality studies have shown that this technique provides reproducible results and high longterm implant survival rates (Aghaloo & Moy 2007; Sanz-Sanchez et al. 2015) . Similar survival rates are achieved when GBR is combined with either simultaneous or subsequent implant placement, indicating that the two approaches are comparable (Sanz-Sanchez et al. 2015) . Similar implant survival rates are also achieved when the implant is placed in augmented or pristine bone (Donos et al. 2008) .
Bone augmentation of the alveolar ridge is based on the principles of tissue engineering and was first described for guided tissue regeneration in 1979 by Nyman & Karring (1979) and later investigated extensively (Gottlow et al. 1984; Dahlin et al. 1988; Buser et al. 1990; Lang et al. 1994; Simion et al. 1994 ). These early publications mainly deal with polytetrafluorethylene membranes as a barrier; however, the membrane exposure rate of this material ranges from 30% to 40% (Becker et al. 1994; Lang et al. 1994; Carpio et al. 2000) . Additionally, these non-resorbable membranes often require an extensive reentry procedure to remove the membrane (Becker et al. 1994; Lang et al. 1994; Carpio et al. 2000) .
Two decades of research into native resorbable collagen membranes for lateral ridge augmentation with GBR have shown this material to be comparable to non-resorbable membranes with respect to the amount of bone gain (Zitzmann et al. 1997; Carpio et al. 2000; Sanz-Sanchez et al. 2015) . While the primary goal of using resorbable membranes was to avoid extensive membrane removal procedures, these materials also had a much lower membrane exposure rate, ranging from 8.7% to 31.8% (Carpio et al. 2000; Nemcovsky & Artzi 2002; Moses et al. 2005; Jung et al. 2009 ). Chemically cross-linked collagen membranes have longer degradation times but also have significantly higher membrane exposure rates, up to 70.5% (Moses et al. 2005; Tal et al. 2008; Friedmann et al. 2011 ). Wound dehiscence with membrane exposure has a substantial negative effect on GBR around dental implants and often results in reduced bone regeneration (Machtei 2001) .
It has been hypothesized that a longer degradation time can lead to higher regenerated bone quality or quantity; however, the evidence supporting or refuting this hypothesis is lacking. Recently, a native collagen membrane with a significantly longer degradation time and increased mechanical properties, such as higher tensile and suture pullout strength, has been developed (Bozkurt et al. 2014) . This membrane had a low membrane exposure rate (12%) in a retrospective analysis of 36 patients with simultaneous or subsequent implant placement (Wessing et al. 2016) .
The aim of this study was to evaluate bone formation and soft tissue healing 6 months after single-tooth implant placement in patients with dehiscence defects treated using either creos xenoprotect (CXP; Nobel Biocare, G€ oteborg, Sweden) or Bio-Gide (BG; Geistlich, Wolhusen, Switzerland) collagen membranes as part of a GBR procedure. This report presents the interim bone augmentation outcomes of a 5-year prospective randomized controlled study.
Material and Methods

Ethical considerations
This study was conducted following the ethical principles founded in the Declaration of Helsinki. Written informed consent was obtained from all eligible patients prior to enrollment. Patients had the option to terminate their participation in the study at any time. Ethical approval was obtained from an ethical committee from each involved center, and the study was registered on ClinicalTrials.gov (NCT02373787). The Consolidated Standards of Reporting Trials (CONSORT) guidelines were used as the framework for this study and report (Schulz et al. 2010) .
Study design and participants
This multicenter clinical investigation was performed at seven university clinics and private practices in Europe, including Austria, Germany, Hungary, Italy, and Spain. One study site withdrew before patient inclusion. The primary objective of this prospective study was to assess the efficacy, that is, noninferiority of CXP in comparison with a reference membrane (BG) in a randomized controlled clinical study. All patients were in need of a single-tooth implant-supported restoration(s) with expected dehiscence defects in the anterior and premolar areas of the maxilla or the mandible. Patients were randomized on the day of surgery based on a randomization list supplied by the electronic data capturing system (Viedoc © ; Pharma Consulting Group, Uppsala, Sweden) used to collect all study data. The patients and the evaluators were blinded to treatment. If patients had two or more sites needing single-unit implant restorations with bone augmentation, only one site was randomly included in the study. The other site was treated with standard care.
Outcome measures
The primary outcome measure was defined as the defect height (DH) measured from the top of the implant shoulder to the first boneto-implant contact perpendicular to the long implant axis at 6 months following the augmentation procedure. The secondary outcome measures included bone formation with respect to the following:
• Defect width (DW) defined as the distance between the mesial and distal bone crest measured at the level of the implant shoulder.
• Defect depth (DD) defined as the distance from the bone crest to the implant surface measured perpendicular to the long axis of the implant.
• Infrabony defect (ID) defined as the distance from the bone crest to the first bone-to-implant contact parallel to the implant axis.
The osseous defect measurements are shown in Fig. 1 and were performed according to Jung et al. (2009) .
Other secondary outcome measures included soft tissue healing assessed using clinical measurements of wound dehiscence, membrane exposure, redness and swelling, and implant survival rates. Implant stability was evaluated by hand testing. Patient's subjective pain was assessed using a visual analog scale with ratings from 0 to 10 where 0 = no pain to 10 = very intense pain. The oral health impact profile (OHIP-14) was assessed with the OHIP-14 questionnaire in respective local languages using validated translations. Patients rated the prevalence of their functional limitations, physical pain, psychological discomfort, physical, psychological and social disability, and handicap on a 0-4 scale, where 0 = never, 1 = hardly ever, 2 = occasionally, 3 = fairly often, and 4 = very often (Slade 1997 
Inclusion criteria
The primary inclusion criteria were as follows. Patients were included if they (i) provided written informed consent; (ii) were ≥18 years of age and ceased growth; (iii) were physically and mentally capable of participating through the 5-year follow-up period; (iv) were willing and able to comply with all study-related procedures; (v) required a single-unit implant restoration in the anterior and premolar areas of maxilla or mandible with GBR of bony defects; (vi) had an American Society of Anesthesiologists (ASA) score of I or II; (vii) had an implant site free of infection and extraction remnants; (viii) had a full-mouth gingival index lower than 25%, a full-mouth bleeding score lower than 25%, and a full-mouth plaque score lower or equal to 25%; (ix) had a favorable and stable occlusal relationship and natural roots adjacent to the implant site; and (x) could undergo a two-stage surgical procedure.
Subjects were excluded if they (i) had previous bone augmentation at the implant site; (ii) had the tooth extraction at the implant placement site performed within 3 months of implant placement surgery; (iii) had acute, untreated periodontitis; (iv) had a health condition that does not permit surgical treatment; (v) had any disorders in the planned implant area, such as previous tumors, chronic bone disease, or previous irradiation; (vi) had an infection in the planned implant placement site or adjacent tissue; (vii) were undergoing treatment with an interfering medication, such as steroid therapy or bisphosphonates; (viii) had a history of past or ongoing alcohol or substance abuse; (ix) were a heavy smoker (>10 cigarettes/day); (x) had uncontrolled diabetes; (xi) have severe bruxism or other destructive habits; and (xii) were pregnant or lactating at the time of collagen membrane insertion.
Secondary inclusion criteria were determined at the time of surgery. Subjects were included if they (i) had sufficient bone volume at the implant site to place a tapered implant that was 10 mm in length, (ii) had initial implant stability as assessed by hand testing, and (iii) had a defect size sufficient for GBR. Defects eligible for GBR in the study had one or two walls missing and a DH of 3 mm up to 7 mm. Larger defects up to 10 mm were eligible if the defect width did not exceed 2 mm. All defect measurements were performed with a UNC15 periodontal probe.
Surgical protocol and postoperative care
Preoperative medications were given based on each clinic's routine protocol and included prophylactic broad-spectrum antibiotics and analgesics. Following local anesthesia, the surgeon performed a full-thickness mid-crestal incision or a slightly palatal incision in the keratinized gingiva. For surgical access, one or two divergent vertical incisions were placed one tooth away at the opposite line angle from the surgical site. This technique avoids wound-healing complications due to the presence of the underlying graft material or membrane. The alveolar ridge was thoroughly debrided of granulation tissue and extraction remnants, and implants (NobelReplace CC; Nobel Biocare) were placed at the planned position according to the manufacturer's protocol. Implant primary stability was assessed by hand testing. At this time, secondary inclusion criteria were applied. Defect measurements using a periodontal probe and photographic documentation from the buccal and occlusal views were collected. After implant placement, an independent evaluator measured the osseous defect of the eligible site as described earlier. Decortication holes were made in the planned bone augmentation area (e.g., using a 1-mm round metal burr) to draw blood from the cancellous bone into the graft site. Autologous bone chips were then placed on the surface of the dental implant, and anorganic bovine bone mineral (Bio-Oss; Geistlich) was placed on top of the bone chips for slower resorption according to the previously described sandwich technique (Fig. 2 ; Wang et al. 2004) .
After placement of the particulate bone graft, the collagen membrane (either CXP or BG) was trimmed, positioned, and rehydrated with sterile saline solution. In all cases, the membrane was fixed using either periosteal vertical mattress sutures or titanium cortical bone pins. To avoid high-tension forces during flap closure, which increases the risk of wound dehiscence, horizontal periosteal release incisions were performed apical to the bone graft (Burkhardt & Lang 2010) . Complete closure of the mucoperiosteal flap was performed according to the clinic's routine protocol. After the surgery, subjects were provided with instructions for home care, including performing a 0.1-0.2% chlorhexidine rinse for 2 weeks after implant insertion, and scheduled for post-surgical visits on an individual basis. Patients were advised against brushing the surgical area before suture removal, and a soft-bristled toothbrush was recommended after suture removal. Normal, thorough oral care was recommended for dentition outside the surgical area. Prophylactic antibiotic treatment was prescribed for 5 days. Analgesics were prescribed for 2 days post-surgery and varied based on individual needs. 
Reentry protocol
Reentry surgery was performed 6 months post-implantation. After raising mucoperiosteal flaps, the cover screw was removed, and a healing abutment was placed. At the same time, the bone defect size was remeasured by an independent evaluator. Defect measurements using a periodontal probe and photographic documentation from the buccal and occlusal views were collected. Flaps were adjusted to fit around the neck of the healing abutment and sutured with single interrupted sutures. If the soft tissue was compromised at the time of reentry, surgeons were allowed to perform soft tissue augmentation.
Statistical methods
The study was designed to test non-inferiority when comparing two collagen membranes with respect to a DH change 6 months after implantation with a power of 80%. The margin of inferiority was set at 1 mm, and the standard deviation was assumed to be 0.94 mm (Jung et al. 2003) . Accounting for 25% subject withdrawal rate, 40 subjects (20 per arm) were needed for the study.
To assess non-inferiority of the CXP arm to the BG arm, a nonparametric two-sided 95% confidence interval for the difference in arm means (CXP minus BG) was calculated. With its upper boundary less than 1 mm, the non-inferiority would be demonstrated at a one-sided significance level of a = 0.025.
For all other metrically scaled secondary endpoints, such as DW or DH at insertion, means AE standard deviation were calculated. Arm means were compared using two-sided t-tests. All other variables were scaled categorically and evaluated using contingency tables. For statistical comparisons, Pearson's chisquared or McNemar's tests were used, when appropriate. Soft tissue results were evaluated using Fisher's exact test (wound dehiscence, membrane exposure, and redness) and the chisquared test for linear association (swelling). Pain and OHIP scores were evaluated using the Mann-Whitney test. For all secondary endpoints, the two-sided level of significance was a = 0.05. All statistical evaluations were carried out using the open-source software R 3.1 (Team RC 2014) and IBM SPSS Statistics version 23 (IBM Corp., Armonk, NY, USA).
Results
Patient enrollment, characteristics, and followup
All implant placement and bone augmentation procedures took place between December 17, 2013 and July 22, 2015. This interim report includes data available until May 20, 2016. The flowchart of the study is shown in Fig. 3 . Of 67 enrolled patients, 49 met the inclusion criteria for bone defect size at the time of surgery, 17 did not meet the defect size inclusion criteria, and one withdrew before surgery. Patients were randomized into two treatment arms, with 24 patients in the CXP arm and 25 in the BG arm. Detailed patient and implant characteristics per study arm are provided in Table 2 . Two patients were lost to follow-up because they went to a different clinic for restoration, and the remaining 47 patients underwent reentry surgery. One patient from the BG arm received soft tissue augmentation at reentry. The overall implant survival rate at the time of reentry was 100%.
Primary outcome measure
Overall, mean DH decreased from 5.0 AE 2.0 mm at insertion to 1.3 AE 1.7 mm at reentry 6 months later. The DH at insertion was comparable between the two treatment arms, with a mean value of 5.1 AE 2.1 mm for the CXP arm and 4.9 AE 1.9 mm for the BG arm (P = 0.832, Table 3 ). In the CXP arm, the defect height at implant insertion reduced at reentry to 1.0 AE 1.3 mm (n = 23), while in the BG arm, the defect height reduced at reentry to 1.7 AE 2.1 mm (n = 24). Table 3 lists the change in defect size, and Fig. 4 illustrates the difference in DH measurements between the CXP and the BG arms.
At reentry, unexpected DHs were observed in two patients from the BG arm (9 and 6 mm) and one patient from the CXP arm (4 mm) (Fig. 4) . Sample clinical case from the CXP arm is shown in Fig. 5 .
The mean bone height gain from implant insertion to reentry was 4.1 AE 2.2 mm (81%) in the CXP arm and 3.3 AE 2.8 mm (62%) in the BG arm (P = 0.459).
The nonparametric analog for the mean difference between DH at reentry for the CXP and the BG arm was À0.5 mm, and its nonparametric two-sided 95% confidence interval was calculated to be À1.000, 0.000. Based on this result, the CXP arm is statistically non-inferior to the BG arm at the onesided 2.5% level of significance (P < 0.001).
Secondary outcome measures
The defect size decreased in all tested dimensions in both treatment arms. In the CXP arm, the DW at implant insertion was 3.3 AE 0.9 mm (n = 24) and reduced at reentry by 44% to 1.7 AE 2.1 mm (n = 23). In the BG arm, the DW at implant insertion was 3.2 AE 1.0 mm (n = 25) and reduced at reentry by 11% to 2.5 AE 1.9 mm (n = 24). Overall, the DD at implant insertion was 1.4 AE 1.6 mm (n = 49) and reduced at reentry by 74% to 0.3 AE 0.6 mm (n = 47). The differences between the two arms were not statistically significant for any of the dimensions (Table 3) . Overall, soft tissue healing parameters included swelling (33 patients), redness (19 patients), wound dehiscence (11 patients), and membrane exposure (six patients). Wound dehiscence was observed in four patients in the CXP arm and in seven patients in the BG arm, while membrane exposure was recorded in two CXP patients and four BG patients. The occurrence of wound dehiscence and membrane exposure was highest at weeks 3 and 6. No infection or other complication occurred due to the wound or membrane dehiscence. Table 4 lists the soft tissue healing parameters and their assessment results by time point and by Circles denote outliers farther than 1.5 interquartile ranges but closer than 3 interquartile ranges. The star denotes the outlier farther than 3 interquartile ranges.
[Correction added on 8 April, 2017, after first online publication: Reviewer-requested amendments to membrane. No statistically significant difference was observed for any of the analyzed parameters at any of the time points. Self-assessment showed that patients reported some pain in the beginning of the healing period, with a mean score of 2.3 of 10 at 1 week post-surgery, and the feeling of pain ceased with time, with mean values of 0.3 at week 3, 0.2 at week 6, and 0 at week 12 and reentry. Patient quality of life evaluated according to the OHIP-14 questionnaire showed that overall patient discomfort was 7.0 at pretreatment, 7.3 at implant insertion, peaked at one week post-surgery with a mean score of 10.2, and from then on continued to decrease to 6.8 at week 3, 5.0 at week 6, 3.7 at week 12, and 3.9 at reentry. There were no significant differences between the two treatment arms with regard to pain or quality of life assessment during the healing phase (all P > 0.05).
Discussion
The aim of this randomized controlled clinical trial was to compare the clinical performance of a new native non-cross-linked collagen membrane with a reference membrane for treatment of dehisced implant sites using GBR. This manuscript evaluates bone augmentation results, soft tissue healing, and implant survival rate.
This study was designed to test non-inferiority of the CXP membrane to the reference membrane by comparing their mean difference in DH at reentry 6 months after implant placement and bone augmentation. Based on the calculated 95% confidence interval of that difference, it can be concluded that the CXP membrane is non-inferior to the reference BG membrane.
The recent systematic review and metaanalysis by Sanz-Sanchez et al. (2015) have shown that the mean defect height gain in bone augmentation using particulate autologous bone, xenograft, and a bioabsorbable membrane was 3.491 mm, a value that is comparable to the results reported in this study. In both arms, the amount of newly regenerated bone was similar to that of other studies investigating GBR using BG at dehisced implant sites that reported collagen membrane fixation (Zitzmann et al. 1997; Hammerle & Lang 2001; Jung et al. 2009 ). In this study, bone gain results for both membranes were superior to those of studies investigating the same indication that did not fix collagen membranes, especially with respect to DH values (Becker et al. 2009; Friedmann et al. 2011) .
The goal of grafting with membrane fixation at dehisced implant sites is to provide more space in the occluso-buccal corner of the implant. This space is critical, because the sutured flap can apply pressure, pushing some of the bone graft material out into surrounding areas, which can result in poorer bone regeneration. We hypothesize that fixing collagen membranes to the underlying bone can immobilize particulate graft material, preventing the previously described problem. This hypothesis is supported by an in vitro study by Mir-Mari et al. (2016) , in which particulate graft materials migrated to the surrounding tissues during wound closure and suturing when no membrane fixation was performed. In this study, the collagen membranes were fixed using either periosteal vertical mattress sutures (Urban et al. 2016) or titanium cortical bone pins (Carpio et al. 2000) to immobilize the bone graft at the desired position.
The membrane exposure rate was 8.3% (two patients) for CXP and 16.7% (four patients) for BG. While both rates were below the rate reported for previous randomized controlled trials with the BG membrane, the membrane exposure rate for BG was still twofold higher than that for CXP. The low membrane exposure rate for CXP is consistent with that reported in the only prior clinical study investigating the CXP membrane (Nemcovsky & Artzi 2002; Jung et al. 2009; Wessing et al. 2016) .
In this study, the simultaneous implant placement and GBR were performed as a closed healing procedure using mobilized full-thickness flaps to achieve tension-free Week 3 Week 6 Week 12 Redness, n (%) 9 (38) 7 (29) 0.760 1 (4) 0 1.000 1 (5) 0 0.488 2 (9) 1 (4) 0.608 1 (5) 0 0.468 Swelling, n (%) 28 (78) 15 (63) 0.558 1 (4) 3 (13) 0.483 0 0 1 (5) 1 (4) 1.000 0 0 Total n* 2 3 2 5 2 3 2 3 2 1 2 2 2 2 2 3 2 3 2 4 *Not all visits were attended by all patients. CXP, creos xenoprotect membrane; BG, reference membrane; SD, standard deviation.
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The main limitation of this study is that it was restricted to bone augmentation of dehiscence defects. Further studies are necessary to investigate the benefits of the CXP membrane for larger augmentation procedures.
Conclusion
Both collagen membranes resulted in safe bone augmentation of dehiscence defects. The membrane exposure rate during the healing phase was lower in the CXP arm, and the mean bone gain after 6 months of healing achieved in defects protected with CXP was higher than with the BG membrane, although these differences did not reach statistical significance. The observed trend toward lower exposure rate and higher mean bone gain with CXP compared to BG should be further investigated.
